GaN homoepitaxy on freestanding "11 00… oriented GaN substrates We report homoepitaxial GaN growth on freestanding (11 00) oriented (M -plane GaN͒ substrates using low-pressure metalorganic chemical vapor deposition. Scanning electron microscopy, atomic-force microscopy, and photoluminescence were used to study the influence of growth conditions such as the V/III molar ratio and temperature on the surface morphology and optical properties of the epilayers. Optimized growth conditions led to high quality (11 00) oriented GaN epilayers with a smooth surface morphology and strong band-edge emission. These layers also exhibited strong room temperature stimulated emission under high intensity pulsed optical pumping. Since for III-N materials the (11 00) crystal orientation is free from piezoelectric or spontaneous polarization electric fields, our work forms the basis for developing high performance III-N optoelectronic devices. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1516230͔
Recently excellent progress has been made in the development of high-quality III-N devices. [1] [2] [3] Nearly all the reported light emitting diodes, laser diodes, and high temperature and high power transistors employed III-N heterojunctions, which were deposited on either basal plane ͑0001͒ sapphire, 6H-or 4H-SiC, or free-standing GaN substrates. [1] [2] [3] All of these deposited III-N films and heterostructures feature the polar ͑0001͒ orientation, and hence they exhibit strong piezoelectric and spontaneous polarization fields. 4 These polarization fields give rise to a significant band bending, and thus reduce the overlap of the electronhole wave functions. [5] [6] [7] This situation significantly reduces the optical emission from quantum wells. To avoid these polarization effects, in the past, R-plane sapphire substrates have been used for III-N optical devices. 8 Heteroepitaxy on sapphire, however, results in a large number (Ͼ10 8 cm 2 ) 9 of threading dislocations, which also serve to reduce the optical emission intensity. Homoepitaxy of GaN and AlGaN on nonpolar M -plane (11 00) oriented bulk GaN substrates should in principle eliminate these problems. 10, 11 This serves as the motivation for our work reported here.
GaN bulk crystals with (11 00) surface (M -plane͒ were grown by hydride vapor phase epitaxy ͑HVPE͒ 12 on the closely lattice matched ͑100͒ plane of LiAlO 2 . 13 Boules of LiAlO 2 about 20 cm long were pulled from the melt by the Czochralski method, and 50-mm-diameter LiAlO 2 wafers were subsequently sawed from these boules and given a mirror-smooth surface by polishing; details will be presented elsewhere.
14 After depositing about 350 m of GaN, the LiAlO 2 substrate was removed with wet acid etching. Thus, freestanding (11 00) oriented GaN templates were obtained, that served as the starting substrates for our study. The phase purity of the GaN templates was examined by X-ray diffraction ͑XRD͒. The 2-XRD scans exhibit only two sharp GaN (11 00) and (22 00) peaks ͓see Fig. 1͑a͔͒ . By Hall measurements, their room temperature free-electron concentration and mobility were determined to be 1ϫ10 19 cm Ϫ3 and 92 cm 2 /Vs, respectively. The homoepitaxial growth on the GaN templates was carried out by low-pressure metalorganic chemical vapor deposition ͑MOCVD͒. Triethylgallium and NH 3 were used as the precursors for Ga and N, respectively. The reactor pressure and temperature were kept at 76 Torr and 1000°C, and H 2 was used as carrier gas during the growth. Several GaN epilayers with thicknesses ranging from 2 to 4 m were grown. The surface morphologies of these layers were then studied using a Nomarsky optical microscope, scanning electron microscopy ͑SEM͒, and an atomic force microscope ͑AFM͒. Their room and low-temperature ͑10 K͒ photholuminescence ͑PL͒ spectra were measured using a cw He-Cd laser ͑operating at 325 nm͒ as a low-intensity excitation source and a pulsed (ϭ0.4 ns) nitrogen laser ͑at 337 nm͒ for a high-excitation intensity source.
The crystal orientation of GaN homoepitaxial layer was studied by electron backscattered diffraction technique ͑EBSD͒. It provides the information on the orientation of the top epilayer with a high spatial resolution. 15 Using an accelerating voltage of 20 kV and a sample tilt of 70°, assures the EBSD signal will originate from the top 1 m of the examined sample. Since the thickness of the deposited homoepitaxial GaN epilayer was 4 m, there is no contribution to the EBSD signal from the GaN substrate template. Therefore, a careful indexing of all Kikuchi lines using the commercial Opal Inc.™ software allows a precise identification of our sample surface orientation. Figure 1͑b͒ shows a typical diffraction pattern obtained from the epilayer, where the numbers indicate crystallographic directions. Taking into account the sample tilt angle 70°, one can find that normal direction to the sample surface will exactly coincide with ͓11 00͔. Thus, surface orientation was determined to be (11 00 sample surface, we observed a high degree of uniformity of the layer orientation.
At a growth temperature of 1000°C, we found the surface morphology of our layers to be affected by the V/III molar ratio. In Fig. 2 we show the surface AFM scans for 4-m-thick homoepitaxial GaN epilayers grown using V/III ratios of 2500 and 5000. At the lower V/III ratio ͓see Fig.  2͑a͔͒ , the layers exhibited a relatively smoother surface with a rms roughness of around 0.7 nm for a 2 mϫ2 m scan area. At the higher V/III molar ratio, the rms roughness increases to about 2.0 nm for the same scan area ͓Fig. 2͑b͔͒. The increased roughness at the higher NH 3 flow, we believe, may result from the shorter diffusion length of the adatoms before reaction. These surfaces roughness values, though slightly higher than C-plane GaN epilayers, are still very reasonable for device fabrication needs. The SEM studies also confirm the morphology observations made using the AFM analysis.
AFM scans of Fig. 2 also reveal stripe-like growth features aligned along the ͓112 0͔ direction. These stripe features may also result from the different migration lengths of adatoms along ͓0001͔ and ͓112 0͔ directions. Additional evidence of the different migration lengths is provided by the observation that these stripe-like growth features become more pronounced at higher growth temperatures. This is to be expected if surface migration is the key contributor controlling the growth process. A detailed study of these surface morphology features to analyze the growth mechanism is currently underway and will be reported separately.
The influence of growth temperature and V/III molar ratio on the luminescent properties of the homoepitaxial GaN films was also studied. These data for the two films of Fig. 2 are included in Fig. 3 . As seen, in addition to the band-edge emission peak at 3.43 eV, a strong yellow band around 2.1 eV is also observed. This yellow emission band decreases with an increase of the V/III molar ratio. However the bandedge emission also decreases slightly with the higher V/III ratio. Increasing growth temperature up to 1050°C could also reduce the yellow emission band. This PL band may arise from a transition between a shallow donor and a deep acceptor level. 16, 17 More experiments are underway to determine its origin. In the inset to Fig. 3 , we include the near band-edge luminescence at ͑10 K͒ from the M -plane GaN film grown with a V/III ratio of 5000. As seen, the low tem- perature PL spectra exhibit an emission structure arising from the free and bound excitons. This behavior is similar to what is typically observed for the high quality GaN films grown over C-plane oriented substrates. 18, 19 For the PL signals of Fig. 3 , we did not observe any significant polarization dependence of the emission spectra with the electric-field vector oriented either E ʈ C or EЌC. This was found in spite of the c-axis lying in the film surface plane. This can happen if the allowed optical transitions for both polarizations are to the B valence subband, which is located very close (ϳ6 meV) to the A subband.
To further establish the high optical quality of the homoepitaxial (11 00) oriented GaN epilayers, pulsed nitrogen laser excited PL was measured at room temperature. Figure 4 shows these PL spectra under different excitation levels. As seen at the low excitation levels, the PL is dominated by a broad band, presumably arising from an electron-hole plasma emission. At high pump excitations ͑threshold approximately 1 MW/cm 2 ) a strong and narrow stimulated emission line at 3.34 eV appears on the long-wave side of the GaN spectrum. This behavior is very similar to that observed for high quality c-plane deposited GaN films. 20, 21 In summary, we report low-pressure MOCVD growth of (11 00) oriented GaN epilayers of high crystal phase purity and high optical quality on freestanding HVPE grown GaN substrates. Data is presented showing the effect of growth conditions such as V/III molar ratio and temperature on their surface morphology and optical properties. Room temperature stimulated emission under pulsed optical pumping confirms the high optical quality. In general the structural and optical quality of the homoepitaxial M -plane GaN layers is comparable to that of the high-quality C-plane oriented films on basal plane sapphire, 4H-or 6H-SiC substrates. Our work therefore forms the basis for studying the role that spontaneous and piezoelectric polarizations play in influencing the characteristics of III-N optoelectronic devices.
